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1 .  INTRODUCTION 

In  a  study  of  the  effects  of  ion  irradiation  on  the  growth  of  thin 
films(ref.l)  a  need  arose  for  an  ion  source  capable  of  generating  ions  of 
materials  normally  solid  at  room  temperature.  Other  requirements  for  the 
source  included  high  purity,  low  energy  spread,  low  gas  load,  medium  current 
capability  (tens  of  microamps)  and  the  ability  to  form  the  ions  into  a  beam. 
A  study  of  the  available  types  of  solid  ion  sources  led  to  the  investigation 
of  a  type  of  source  first  used  by  Krimmel( ref .2,3,4)  and  investigated  by  other 
workers(ref .5 ,6,7) .  In  this  source,  ions  are  generated  when  a  powerful 
electron  beam  is  focussed  onto  a  solid  target.  This  report  describes  a 
source  based  on  Krimmel's  work  in  which  several  modifications  have  been  made 
in  order  to  meet  all  of  our  requirements. 


2.  ION  SOURCE  DESIGN 

A  diagram  of  the  ion  source  is  shown  in  figure  1.  An  electron  beam  is 
generated  in  a  telefocus  electron  gun(ref.4)  and  is  focussed  onto  the  target 
by  an  electrostatic  einzel  lens.  At  a  typical  electron  energy  of  30  k  eV  and 
a  current  of  3  mA  the  spot  size  is  about  0.2  mm  across,  giving  a  power  density 
of  2.9  X  10®  W/cm^  at  the  target.  This  power  density  is  sufficient  to  form  a 
hot  spot  in  the  target  at  which  ions  and  vapour  are  generated. 

In  Krimmel's  source  the  target  is  apparently  solid,  however,  we  found  that  for 
solid  targets,  stable  emission  would  not  occur.  In  such  cases,  it  was 
observed  that  after  a  few  seconds  of  operation  a  hole  developed  in  the  solid 
surface  as  material  evaporated  away  from  the  hot  spot.  As  this  hole  grew  two 
effects  occurred  that  altered  the  dependence  between  the  ion  current  generated 
and  the  incident  electron  beam  power.  One  was  that  the  temperature  of  the 
hot  spot  fell,  requiring  an  increasing  electron  beam  power  to  maintain 
temperature.  The  other  was  that  ions  found  it  more  difficult  to  escape, 
probably  due  to  electrostatic  screening  effects.  The  elimination  of  such  a 
hole  is  only  assured  if  the  target  can  flow,  that  is,  it  must  be  in  the  liquid 
state.  With  liquid  targets  stable  ion  emission  always  occurred.  For 
targets  having  a  melting  point  below  about  500®C,  eg  tin,  it  was  a  simple 
matter  to  construct  a  crucible  with  sufficiently  low  thermal  losses  that  the 
90  W  of  incident  electron  beam  power  was  able  to  maintain  the  target  in  the 
molten  state.  For  higher  melting  point  materials,  eg  germanium,  it  was  found 
necessary  to  heat  the  crucible  independently  with  a  resistive  element. 

The  extraction  of  ions  into  a  beam  was  performed  by  the  electrode  geometry 
shown  in  figure  1.  In  generating  the  beam  use  was  made  of  the  process  known 
as  plasma  boundary  focussing(ref .8) ,  in  which  the  plasma  generated  in  the  hot 
spot  was  allowed  to  expand  above  the  target  under  the  influence  of  the 
electric  field  of  the  extractor  electrode.  In  order  that  a  cylindrically 
symmetric  ion  beam  be  generated,  the  electric  field  in  the  region  of  the 
plasma  must  also  be  cylindrically  symmetric,  and  this  was  approximately 
achieved  by  using  the  concentric  conical  electrodes  shown  in  figure  1. 

The  ion  beam,  after  passing  through  the  extractor,  was  focussed  by  an 
electrostatic  einzel  lens  into  an  approximately  parallel  beam  about  2  mm  in 
diameter.  This  beam  was  then  directed  into  ,i  45®  electrostatic  deflector 
which  bends  the  beam  into  a  horizontal  direction  and  also  separates  the  ions 
from  the  vapour  that  is  generated  in  the  source. 

Energy  analysis  of  the  ions  generated  in  the  source  was  performed  with  a  high 
resolution  parallel  plate  electrostatic  analyser(ref .9)  that  was  placed  in  the 
position  normally  occupied  by  the  45®  electrostatic  deflector.  Mass  analysis 
of  the  ion  beam  was  obtained  using  a  45®  magnetic  sector  analyser  situated  in 
the  horizontal  beam  line  about  2  m  away  irom  the  source.  Detection  of  ions 
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after  passing  through  the  mass  analyser  was  achieved  using  a  sensitive 
scintillation  detector(ref . 10) . 


3.  PERFORMANCE  OF  SOURCE 

The  shape  of  the  ion  beam  in  the  plane  of  the  extractor  is  shown  in  figure  2. 
This  result  was  obtained  by  placing  a  copper  disc  in  the  extractor  and 
allowing  ions  and  vapour  to  strike  it.  Tin  was  used  in  this  experiment,  the 
ion  energy  being  10  kV,  the  ion  current  20  pA  and  the  duration  of  the 
experiment  300  s.  Just  below  the  centre  of  the  disc  is  an  elliptical  region 
about  0.3  mm  by  O.A  mm  in  size  where  the  ion  flux  is  sufficiently  intense  for 
the  sputtering  rate  to  exceed  the  deposition  rate  of  tin  vapour,  and  the 
copper  is  exposed. 

As  can  be  seen  in  figure  3,  the  centre  of  this  region  has  a  depression  about 
65  (jm  deep  and  60  pm  across  that  is  caused  by  an  intense  core  containing  about 
5%  of  the  total  ions.  The  area  of  the  beam  defined  by  the  region  of  exposed 
copper  contains  about  half  the  total  ions.  Beyond  this  region,  the  ion  flux 
is  insufficient  to  remove  all  the  depositing  tin,  hence  a  tin  film  develops. 
However,  its  appearance  does  vary  because  there  is  a  strong  dependence  between 
the  surface  structure  of  tin  films  and  the  ratio  of  the  ion  to  vapour  flux 
during  growth(ref . 1) .  The  light  appearance  is  caused  by  high  ion  to  vapour 
flux  ratios  (greater  than  5%)  the  dark  appearance  by  low  ion  to  vapour  flux 
ratios  (between  1%  and  0.1%)  and  the  intermediate  appearance  by  negligible  ion 
to  vapour  flux  ratios  (less  than  about  0.05%).  Thus  figure  2  reveals  that 
the  beam  profile  is  axially  symmetric  and  drops  off  reasonably  steadily  with 
increasing  distance  from  the  beam  core.  There  is  a  slight  increase  in  ion 
density  at  large  distances  from  the  beam  centre  as  evidenced  by  the  annular 
dark  region  near  the  edge  of  the  disc. 

To  examine  the  ion  trajectories  in  the  central  part  of  the  beam  we  performed 
an  experiment  in  which  a  0.7  mm  diameter  hole  was  drilled  into  the  extractor 
on  the  beam  axis  and  a  further  disc  was  placed  some  7  mm  beyond  it,  with  the 
space  between  effectively  field  free.  The  results  of  this  experiment  are 
shown  in  figure  4,  and  they  reveal  that  the  beam  passing  through  the  extractor 
i.s  divergent  with  a  half  angle  of  about  9®.  The  uniformity  of  the  beam 
appears  reasonably  good  and  it  is  quite  cylindrical.  These  attributes  make 
it  reasonably  easy  to  form  the  ions  into  a  beam  capable  of  travelling  quite 
large  distances. 

Data  derived  from  experiments  like  these  enable  a  lower  limit  to  be  placed  on 
the  brightness  of  the  ion  beam  generated  in  the  source.  It  is  best  to 
evaluate  the  normalised  brightness  because  it  allows  comparison  with  other 
sources.  This  is  defined  by  the  expression(ref . 11) 

R  _  9.4  X  10^. A. I 


where  A  is  the  ion  mass  in  amu,  I  is  the  beam  current  in  milliamps,  'I'  is  the 
beam  energy  in  volts  and  a  is  the  beam  emittance.  Assuming  the  highest 
po.ssible  beam  emittance  consistent  with  the  beam  limits  defined  by  the 
extractor  aperture  and  by  the  beam  shape  etched  on  the  plate  behind  the 
extractor,  the  brightness  is  2  x  10^,  a  value  that  compares  quite  favourably 
with  that  of  many  gas  ion  sources(ref .8) . 

It  is  interesting  to  compare  the  photographs  shown  in  figures  3  and  4  with  the 
result  obtained  when  the  extractor  geometry  consists  simply  of  a  biassed  disc 
held  above  the  surface  of  the  target,  ie  the  geometry  used  by  Krimmel(ref .2) . 
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As  can  be  seen  in  figure  5  the  beam  is  now  crescent  shaped  and  far  from  being 
axially  symmetric. 

The  ion  trajectories  in  this  case  were  similarly  investigated  by  drilling  a 
hole  in  the  extractor  at  the  position  shown  in  figure  5  and  placing  a  plate 
some  12  mm  beyond  it.  As  can  be  seen  in  figure  the  ions  striking  the 
irescent  poss<>sse(l  a  wi<le  range  ol  directions,  are  not  iinilormly  distributed 
and  are  also  not  axially  syimiu't  r  i  c .  These  properties  m.ike  it  very  diiti(uJt 
to  direct  ions  generated  with  this  extractor  geometry  into  a  beam. 


4.  OPERATION  WITH  DIFFERENT  MATERIALS 

The  need  to  operate  the  source  with  the  target  in  the  liquid  phase  places  a 
limitation  on  which  elements  the  source  can  efficiently  handle.  This 
limitation  comes  about  because  it  is  undesirable  to  have  too  much  material 
loss  through  t'vaporation  from  the  liquid  surface  of  the  target.  If  we 
require  that  the  lifetime  of  one  crucible  charge  be  at  least  30  min  then  only 
those  materials  with  a  vapour  pressure  below  about  0.1  torr  at  the  melting 
point  are  suitable.  The  following  normally  solid  elements  are  therefore 
unsuitable  for  use  in  the  source  in  its  present  configuration;  Mg,  P,  Ca ,  Cr, 
Mn,  Zn,  Sr,  Cd,  Sb,  Te,  Ba ,  Sm,  Eu  and  Yb.  Further,  the  very  high  melting 
point  elements,  eg  C,  W,  Re  may  be  difficult  to  use  because  of  problems  in 
maintaining  them  in  a  liquid  state.  However,  ions  of  all  other  elements 
should  be  efficiently  generated. 

Ions  of  elements  excluded  on  vapour  pressuri'  grounds  could  be  generated  if  a 
shorter  crucible  lifetime  were  acceptable.  Alternatively,  it  should  be 
possible  to  reiiesign  the  source  region  in  such  a  way  that  evaporation  losses 
are  considerably  reduced  eg  by  using  a  partially  enclosed  crucible.  However, 
we  made  no  attempt  to  do  this  as  the  source  readily  generated  the  ions  of 
interest  to  tis. 

The  source  has  neen  tested  with  Sn,  Ge,  In  and  Ag .  With  the  exception  of  Ge 
the  s.imples  were  held  in  a  tantalum  crucible  mainlaineil  .it  a  temperature  above 
the  melting  point  since  this  ensured  they  were  molten.  In  the  case  of 
germanium  two  difficulties  curred  when  the  crucible  was  held  above  the 
melting  point,  one  was  that  the  germanium  flowed  out  of  the  crucible  when 
wetting  occurred  and  the  other  was  that  the  germanium  chemically  attacked  the 
crucible.  These  problems  were  eliminated  by  keeping  the  temperature  of  the 
crucible  about  200*^C  beiow  the  melting  point,  in  which  case  wetting  does  not 
occur.  The  germanium  however  could  be  easily  helil  above  the  melting  point  by 
using  the  power  of  the  electron  beam  and  relying  on  the  poor  thermal  contact 
between  crucible  and  germanium.  This  technique  is  probably  suitable  for  most 
materials  that  are  re.ictive  at  high  temperatures  eg  silicon,  although  of 
course  we  h.ive  only  proved  the  method  for  germanium. 


5.  ION  CURRENT 

The  dependence  of  ion  current  passing  through  a  1  mm  diameter  hole  in  the 
extractor  on  the  electron  beam  current  is  shown  in  figure  6.  The  results  are 
for  tin  and  germanium  ion  beams  and  indicate  that  currents  up  to  20  pA  for  tin 
and  12  pA  for  germanium  can  be  generated  at  energies  up  to  7.5  KeV.  Since 
all  the  ions  passing  through  the  small  hole  in  the  extractor  can  be  directed 
into  a  beam,  these  currents  equal  the  currents  that  can  be  directed  into  the 
horizontal  beam  line.  The  maximum  current  so  far  obtained  from  the  source  is 
over  300  pA  of  tin  ions  using  an  extractor  geometry  consisting  of  an 
unshielded  extractor  held  at  10  kV  placed  about  12  mm  from  the  hot  spot 
ie  similar  to  the  system  used  by  Krimmel (ref . 2) .  The  reduced  current 
obtained  using  the  geometry  of  figure  1  is  presumably  caused  by  the 
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electrosLaLic  screening  effects  of  the  conicaJ  electrode  maintained  at  ! 

crucible  potential. 

1 

In  order  to  generate  higher  ion  currents,  it  is  likely (ref . 8)  that  higher  \ 

extraction  energies,  a  reduced  extractor-target  separation  and  a  more  powerful  ) 

electron  beam  would  all  improve  the  source's  performance  but  it  is  not 
possible  at  this  stage  to  state  its  upper  limit. 

6.  HRAM  ENERGY  SPREAD 

.A  typical  energy  spectrum  of  a  tin  ion  beam  obtained  using  a  parallel  plate 
analyser  is  shown  in  figure  7.  The  width  of  the  spectrum  is  quite  small, 
having  a  full  width  half  maximum  (FWHM)  value  of  only  0.7  eV.  However,  most 
of  this  spreading  is  caused  by  the  finite  resolution  of  the  analyser.  At  the 
ion  energy  used,  200  eV,  a  resolution  of  1  in  500  gives  an  uncertainty  of 
0.4  eV  in  the  energy  analysis,  indicating  that  the  FWHM  energy  spread  of  the 
ions  is  about  0.3  eV. 


7.  BEAM  PURITY 


The  results  of  the  mass  analysis  of  tin  and  germanium  ion  beams  are  shown  in 
figures  8,  9  and  10  and  also  in  Tables  1  and  2.  The  yields  of  the  various 
peaks  depended  somewhat  on  source  conditions  in  a  complex  manner,  hence  the 
values  given  are  subject  to  quite  large  variations.  Also,  no  correction  has 
been  made  to  the  yields  to  allow  for  the  dependence  of  detector  sensitivity  on 
ion  species.  Bearing  in  mind  these  limitations,  the  yields  of  many  of  the 
peaks  ar<'  probably  uncertain  by  a  factor  of  5  or  so. 
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as  Table  1  shows,  indicates  the  presence  of  31  different  ion 
yield  exceeding  0.001%,  the  limit  of  detectability.  The 
in  the  mass  spectrum,  however,  far  exceed  this  number  due  to 
s  present.  Of  the  31  species,  19  are  of  tin  in  different 
The  presence  of  tin  in  these  cases  was  confirmed  by  the 
group  of  peaks  containing  the  characteristic  isotopic 
tin.  Most  of  these  tin  peaks  can  be  readily  identified  as 
ionised  tin  or  singly  ionised  tin  clusters.  The  Sn*^°  peaks 
150,  90,  66.7,  53.3,  45,  37.5,  33.6  and  28.8  however,  cannot 
any  simple  charge  state.  The  origin  of  these  peaks  is 


The  remaining  peaks  in  the  ma^s  spectrum  ^have  b^en  ^raced^to  ^wo  sources. 
The  following  ions,  namely  H2O  ,  OH  ,  ^2  ’  ^2  ’  ^  ^  arise  from 
ionization  of  the  residual  gases  in  the  vacuum  system.  This  conclusion  was 
drawn  from  the  observation  that  these  peaks  were  always  present  irrespective 
of  the  power  of  the  electron  beam.  Thus  these  ions  are  produced  whether  or 
not  a  hot  spot  is  formed.  This  suggests  that  the  ions  do  not  come  from  the 
target  and  the  only  other  possibility  is  that  they  are  formed  by  ionization  of 
background  gases. 


The  other 
the  target 
bismuth  a 
elements , 
0.0025%,  0 
yield  of 
about  1  ho 
limit  of 
The  result 
freshly  fi 


source  of  "non-tin" 
which  is  stated  to 
nd  lead  peaks  consi 
since  the  sample 
.002%,  and  0.01%  res 
these  impurity  ions 
ur  of  continuous  ope 
detectability  whilst 
s  in  Table  2  were 
lied  crucible. 


peaks  has  been  traced  to  impurities  present  in 
be  99.96%  pure  tin.  The  yield  of  the  copper, 
derably  exceeds  the  expected  levels  of  these 
used  had  these  impurities  at  stated  levels  of 
pectively.  Another  result  observed  is  that  the 
steadily  decreased  with  time  such  that  after 
ration  the  lead  and  bismuth  peaks  fell  below  the 
the  copper  peaks  were  just  barely  detectable, 
obtained  within  the  first  15  min  of  use  of  a 
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Other  impurities  stated  to  be  present  in  the  tin  were  iron,  arsenic  and 
antimony.  Any  iron  and  antimony  peaks  would  fall  on  or  close  to  large  peaks 
caused  by  tin  hence  it  is  not  possible  to  detect  them.  In  the  case  of 

arsenic,  it  has  such  a  high  vapour  pressure  at  the  temperature  of  the  crucible 
(33  torr  at  500®C) ,  that  it  is  likely  it  will  all  evaporate  before  a 
measurement  can  be  made. 

The  germanium  results  are  similar  in  many  ways  to  those  for  tin.  There  are 
multiply  ionized  species  and  singly  ionised  clusters.  Further  there  is  a 
germanium  peak  at  55.5,  the  origin  of  which  is  probably  the  same  as  the  origin 
of  the  90  peak  in  the  tin  spectrum,  since  both  occur  at  m/e  values  of  exactly 
3/4  of  the  parent  isotope. 

There  are  also  water  vapour,  nitrogen  and  oxygen  peaks  presumably  caused  again 
by  ionization  of  background  gases.  The  principal  difference  between  the  tin 
and  germanium  results  is  that  no  impurity  ions  of  normally  solid  materials 
were  present  in  the  case  of  germanium.  This  result  is  expected  in  view  of 
the  fact  that  the  stated  purity  of  the  germanium  is  99.999%,  indicating  that 
any  impurities  would  be  too  small  to  detect. 

Several  interesting  conclusions  can  be  drawn  from  the  mass  spectrum  results. 

(1)  The  lack  of  tantalum  ions  in  the  ion  beams  indicate  that  the  crucible 
does  not  introduce  any  impurities  into  the  beam. 

(2)  The  purity  of  the  ion  beam  is  mainly  governed  by  the  purity  of  the 
starting  material  and  this  can  be  very  high.  The  only  impurities  that 
are  intrinsic  in  the  source  are  those  caused  by  ionization  of  the 
background  gases  and  amount  to  about  0.1%.  One  method  of  reducing 
them  is  to  use  a  better  vacuum  -  there  should  be  a  roughly  linear 
dependence  between  the  yield  of  background  gas  ions  and  pressure. 
Another  possible  method  of  reducing  the  level  of  these  ions  is  to 
maintain  the  potential  of  the  regions  where  they  are  generated  at  a 
different  level  to  the  potential  of  the  crucible.  If  this  is  done, 
these  ions,  on  extraction,  would  possess  a  different  energy  and  would 
therefore  be  efficiently  separated  from  the  desired  species  by  the  45° 
electrostatic  deflector.  This  technique  has  not  been  proven  because 
it  was  impossible  in  our  apparatus  to  electrically  isolate  the  crucible 
from  the  main  body  of  the  source.  However,  we  feel  such  a  technique 
should  be  capable  of  reducing  the  level  of  background  ions  in  the 
horizontal  beam  line  considerably. 

The  only  outstanding  problem  associated  with  the  mass  spectra  is  the  origin  of 
the  tin  peaks  at  m/e  values  of  150,  90,  66.7,  53.3,  45,  37.5,  33.6  and  28.8 

and  the  origin  of  the  germanium  peak  at  55.5.  All  these  peaks  can  be 
explained  by  charge  exchange  reactions  as  the  ions  pass  along  the  horizontal 
beam  line.  These  reactions  would  have  to  occur  after  passing  through  the  45° 
electrostatic  deflector  because  otherwise  the  reaction  products  would  not  be 
directed  into  the  horizontal  beam  line.  Table  3  gives  a  list  of  possible 
charge  exchange  reactions  and  the  position  on  the  mass  scale  at  which  the 
reaction  product  is  located  assuming  that  no  energy  is  lost  during  the 
reaction.'  This  assumption  is  justified  because  electron  exchange  reactions 
involve  energies  of  several  electron  volts  at  most,  which  are  negligible 
compared  to  the  several  thousand  electron  volts  that  the  ions  possess.  One 
can  see  from  Table  3  that  all  the  peaks  mentioned  above  can  be  explained. 
Further,  the  yields  of  most  of  the  peaks  are  as  expected  assuming  that  the 
yield  is  (a)  proportional  to  the  yield  of  the  precursor  ion  and  (b)  inversely 
proportional  to  the  change  in  charge  state  ^hat  occurs  during  the  reaction. 
The^only  exceptions  are  that  the  r^action^Sn^  •— ►  Sn®  appears  more  lively  th^n 
Sn^  — fc- Sn®  and  the  reaction  Sn®  — •►Sn^  is  more  likely  than  Sn®  — ►-Sn®  . 
The  stability  of  these  highly  ionised  species  is  probably  a  complex  function 
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ot  many  parameters,  hence  these  two  slight  discrepancies  do  not,  we  feel, 
disprove  our  model  of  their  origin. 

The  precise  mechanism  whereby  the  charge  exchange  reaction  takes  place  has  not 
been  determined.  Two  mechanisms  are  possible,  one  is  through  a  charge 
exchange  collision  with  a  residual  gas  molecule  in  the  beam  line  and  the  other 
is  the  acquisition  of  a  free  electron.  Such  electrons  could  be  generated, 
for  example,  by  ion  impact  with  the  walls  of  the  beam  line.  We  have  been 
unable  to  find  published  data  for  charge  exchange  reactions  of  highly  ionised 
tin  or  germanium  ions,  hence  an  assessment  of  the  likelihood  of  each  mechanism 
is  difficult  to  make. 

The  peaks  associated  with  charge  exchange  reactions  have,  to  our  knowledge, 
not  been  observed  previously.  There  are  perhaps  two  reasons  for  their 
detection  in  our  case.  The  first  is  that  our  detector  is  sensitive  to  ions 
over  a  wide  energy  range,  whereas  the  type  of  detector  usually  employed  in 
such  studies  looses  sensitivity  if  the  energy  to  charge  ratio  of  the  ions 
differs  from  an  ideal  value  by  more  than  about  20%(ref.l2).  In  the  majority 
of  cases,  charge  exchange  reactions  cause  the  energy  to  charge  ratio  to  move 
beyond  this  20%  limit  and  thus  beyond  the  ability  of  the  detector  to  respond. 
The  other  reason  is  that  the  length  of  our  beam  line  along  which  the  ions 
travel  (2  m)  is  probably  longer  than  is  common,  hence  charge  exchange 
reactions  are  more  likely. 


8.  IONIZATION  MECHANISM 

SchwarzCref . 13)  has  postulated  that  during  the  interaction  of  a  high  power 
electron  beam  with  a  target,  a  plasma  column  is  formed  beneath  the  surface  of 
the  target.  The  existence  of  this  column  inside  the  target  was  verified  in 
our  case  by  using  a  target  that  was  able  to  cool  very  rapidly,  in  less  than 
half  a  second.  In  this  case,  when  the  electron  beam  was  suddenly  switched 
off  a  hole  about  0 . 2  mm  across  and  1  mm  deep  was  left  in  the  centre  of  the 
solidified  target  where  the  electron  beam  had  been  focussed.  Presumably  this 
hole  is  that  previously  occupied  by  the  plasma.  In  this  section  we  describe 
the  results  of  experiments  designed  to  evaluate  the  temperature  and  pressure 
of  the  plasma  and  the  mechanism  producing  ionization. 

Using  tin  as  the  working  material,  and  an  unshielded  extractor,  it  was  found 
that  the  ion  generation  rate  was  proportional  to  the  evaporation  rate  from  the 
target  with  a  constant  of  proportionality  of  0.07%  ±  0.02%.  At  an  ion 
current  of  120  pA,  a  typical  value,  the  corresponding  evaporation  rate  was 
2.28  X  10  g/s.  If  we  assume  that  the  majority  of  the  material  lost  from 
the  target  emerges  from  the  spot  struck  by  the  electron  beam,  then  the 
evaporation  rate  is  0.726  g  cm  ^  s  *  from  the  0.2  mm  diameter  emitting  region. 
Langmuir(ref . 14)  has  shown  that  the  evaporation  rate  of  most  metals  in  vacuum 
is  given  by 


R  = 


5.85  X  10"^P 


.  s 


1 


where  P  is  the  vapour  pressure  in  microns  of  mercury,  T  is  the  temperature  in 
and  M  the  molecular  weight  of  the  metal.  Using  this  expression  and 
published  data  for  the  vapour  pressure  of  tin  as  a  function  of 

temperature(ref . 15)  we  find  that  the  temperature  of  the  hot  spot  is  2440®K  and 
that  the  vapour  pressure  of  tin  in  the  plasma  column  is  68  torr. 

Bearing  in  mind  these  parameters,  we  feel  that  the  most  likely  mechanism 
causing  ionization  is  a  collision  between  the  incident  electrons  and  the  metal 
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v.ipoiir  prvsciit  in  Ihr  rolumii.  An  <*stiinali'  of  tfi<*  ioni/..ition  rato  l)y  tfiis 
mechanism  is  cfifriculL  f.eeause  published  ionization  iross  sections  for 
electrons  passing  through  tin  vapour  are  not  available.  However,  as  a  rough 
approximation  we  can  use  the  ionization  efficiency  of  mercury  vapour(ref . 16) 
which,  for  I'lectrons  at  an  energy  of  30  kV,  is  about  0.2  ion  pairs/cm,  per 
millimetre  mercury  per  electron  at  0*^C.  At  2440‘^K  and  68  torr,  the 
ionization  rate  would  be  1.5  ions/cm  for  each  incident  electron.  Assuming  a 
column  length  of  1  mm,  the  ionization  rate  becomes  0.15  ions/electron  which, 
for  a  3  mA  electron  beam,  gives  an  ion  generation  rate  of  450  pA.  The 
observed  current,  120  pA,  could  therefore  be  readily  accounted  for  by  this 
ionisation  mechanism. 

The  presence  of  highly  ionized  species  in  the  ion  beam  is  a  feature  that 
confirms  non-equilibrium  phenomena  are  responsibh'  for  producing  ionization  in 
the  plasma.  For  example,  if  thermal  ionization  was  responsible  for 
generating  the  ions,  the  yield  of  doubly  ionized  tin  would  be  10*^  times 
smaller  than  the  yield  of  singly  ionized  tin,  far  sijialler  than  the  observed 
yield,  which  is  only  four  times  lower  than  that  of  Sn  . 

9.  CONCLUSION 

Ihe  design  .ind  oper.ition  of  .in  ion  source  i.ipable  of  generating  ions  from  a 
very  wide  r.ingi'  of  norm. illy  solid  materials  is  described.  Ion  beams  of  high 
brightness  .it  currents  in  the  tens  of  micro.imps  range  can  be  readily  gener.ited 
and  it  is  likely  that,  with  further  deve lopmi'nt ,  ion  beams  with  far  larger 
currents  could  be  obtained. 

The  energy  spread  of  the  ions  is  very  low,  about  0.3  eV,  a  value  very  close  to 
the  thermal  spread  expected  t  rom  a  source  at  2400‘^K.  Thus  there  is 
practically  no  spreading  causeil  by  other  factors.  The  energy  spreading  is 
very  much  smaller  than  that  commonly  t'ncounteriul  in  gaseous  ion  sources, 
typically  several  electron  vo  1 1  s  (  ref .  1  7 ) ,  indic.iting  that  this  source  has 
.idvantages  in  applications  requiring  precise  control  of  ion  trajectories. 

The  purity  of  the  beam  is  very  high,  being  at  least  99.9%  pure  provided  the 
purity  of  the  starting  material  is  sulficiently  high.  This  feature 
eliminates  the  need  for  mass  separation  of  the  beam  in  ajipl i cat  ions  requiring 
pure  ion  beams.  It  is  likely  that  the  present  main  limitation  to  the  beam 
purity,  till’  presence  of  ions  formed  from  residual  gases,  can  be  considerably 
reduced  by  fairly  simple  means. 

Another  desirable  feature  of  the  source  is  that  it  produces  a  negligible  gas 
load  on  the  vacuum  system.  Further,  in  many  cases  some  gettering  action  by 
the  material  evaporated  from  the  hot  spot  is  likely,  in  which  case  the  vacuum 
conditions  may  be  improved  by  operating  the  source. 

All  these  attributes  make  the  source  particularly  suitable  for  many 
applications  including  ion  implantation,  micromachining,  microprobe  work,  ion 
p 1  a t i ng( re f . 1 8)  and  perhaps  even  in  isotope  separation. 

The  only  disadvantages  associated  with  the  source  are  its  low  ionization 
efficiency,  about  0.07%,  and  the  presence  of  multicharged  and  cluster  species 
in  the  ion  beam.  The  low  ionization  efficiency  should  only  prove  a  problem 
in  the  case  of  expensive  target  materials,  however  such  problems  could  be 
largely  overcome  by  designing  the  source  in  such  a  way  that  condensed  target 
material  could  be  readily  collected  and  reused. 
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TABLE  2.  SUMMARY  OF  THE  MASS  SPECTRUM  OF  A  GERMANIUM  ION  BEAM 


Germanium  ions 

Other  ions 

Position  on  mass 
scale  of  commonest 

i sot  ope 

Likely 
spec i es 

Experimental 

yield 

(%  of  total) 

Position  on 
mass  scale 

Likely 

species 

Experimental 

yield 

(%  of  total) 

74 

Ge'^ 

78.2 

18 

HgO"^ 

0.01 

146 

^  + 

Ge2 

15.7 

28 

N2'" 

0.01 

37 

Ge^'^ 

5.2 

32 

O2" 

0.006 

218 

^  + 

Ge3 

0.48 

55.5 

9 

0.16 

290 

Ge^"" 

0.11 

24.67 

Ge^"" 

0.076 

364 

^  + 

0.05 

_ 
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^  Peaks  are  obscured  by  the  presence  of  other  tin  species 


ERL-0175-TR 
Figures  2  S  3 


Figure  2.  Pattern  formed  on  extractor  electrode  by  tin  ions  and 
vapour  using  the  extractor  geometry  shown  in  figure  1 


I _ I 

0.1  mm 


Figure  3.  Enlargement  of  the  region  of  the 

extractor  at  the  centre  of  the  ion  beam 
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Figure  4(a)  S  (b) 


Figure  4(a).  Extractor  aperture  used  for  examining  the 
angular  divergence  of  the  ion  beam 


Figure  4(b).  Pattern  formed  on  copper  disc  placed  7  mm  behind  extractor 


ERL-0175-TR 
Figure  5(a)  §  (b) 
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